Additional index words. dry weight, isotope, 15 N, Vaccinium corymbosum Abstract. Southern highbush blueberry (SHB, Vaccinium corymbosum L. interspecific hybrid) is the major species planted in Florida because of the low-chilling requirement and early ripening. The growth pattern and nitrogen (N) demand of SHB may differ from those of northern highbush blueberry (NHB, V. corymbosum L.). Thus, the effect of plant growth stage on N uptake and allocation was studied with containerized 1-year-old SHB grown in pine-bark amended soil. Five 'Emerald' plants were each treated with 6 g 10% 15 N labeled (NH 4 ) 2 SO 4 at each of 12 dates over 2 years. In the first year, plants were treated once in late winter, four times during the growing season, and once in the fall. In the second year, treatment dates were based on phenological stages. After a 14-day chase period following each 
N treatment, plants were destructively harvested for dry weight (DW) measurements, atom% of 15 N, and N content of each of the plant tissues. Total DW increased continuously from mid-May 2015 to Oct. 2015 and from Mar. 2016 to late Sept. 2016 . From August to October of both years, external N demand was the greatest and plants absorbed more N during the 2-week chase period, about 0.53 g/plant in year 1 and 0.67 g/plant in year 2, than in chase periods earlier in the season. During March and April, N uptake was as low as 0.03 g/plant/2 weeks in year 1 and 0.21 g/plant/2 weeks in year 2. Nitrogen allocation to each of the tissues varied throughout the season. About half of the N derived from the applied fertilizer was allocated to leaves at all labeling times except the early bloom stage in 2016. These results suggest that young SHB plants absorb greater amounts of N during summer and early fall than in spring.
Blueberry (Vaccinium spp.) plants in Florida are typically grown on sandy soils where the risk of N loss via leaching is greater than on clay soils (Whitehead and Raistrick, 1993) . Although cultivated blueberry grows optimally with ammonium as the N source, and ammonium is typically not as readily leachable as nitrate, significant leaching of both N forms occurs on coarse-textured sandy soils (Vitosh et al., 1995) . In addition, the rainy season in Florida is from late spring through early fall, which coincides with the time when commercial blueberry growers apply N fertilizer. It is commonly understood that heavy rainfall increases N leaching (Gheysari et al., 2009; Wild and Cameron, 1980) . In addition, blueberry plants are shallow-rooted, with roots concentrated mostly in the top 0.15 m (Williamson and Miller, 2009) . Thus, there is a high risk for N leaching and an increased potential for ground or surface water contamination where blueberry is grown on sandy soils in humid, subtropical climates.
Split applications of N may extend the time of N bioavailability for plant uptake and have been reported to promote yield or plant growth compared with a single application. For example, mature blueberry plants had a 10% yield increase (Hanson and Retamales, 1992) , red raspberry (Rubus idaeus L.) ended up with a significantly greater berry yield (Rempel et al., 2004) , and lowbush blueberry (V. angustifolium) plants increased both growth and berry yield significantly (Percival et al., 2002) .
Storage and remobilization of N in perennial woody species such as blueberry help plants reduce dependency on fertilizer N (Geßler et al., 1998; Millard, 1996) . Remobilization of storage N accounted for %65% of the total N in new vegetative growth of 'Climax' rabbiteye blueberry (V. virgatum Ait.) at vegetative budbreak (Birkhold and Darnell, 1993) . Cheng and Fuchigami (2002) found that 50% of reserve N in apple (Malus domestica Borkh.) trees was remobilized to support new growth of shoots and leaves. Some species of woody plants can remobilize up to 90% of reserve N to new leaf growth (Millard, 1996) . Thus, with sufficient N storage, plants can be less dependent on N fertilizer. However, N remobilization is closely related to plant phenology (Millard and Grelet, 2010) . Banados (2006) concluded that N uptake in mature NHB (V. corymbosum L.) is more dependent on plant demand than on N availability in the soil. Thus, an effective N fertilization program requires a clear understanding of the times when N fertilizer is most needed. Previous studies have found that the effect of application date on N absorption by blueberry plants is significant (Banados, 2006; Hanson and Retamales, 1992; Throop and Hanson, 1997) . However, these studies used the midseason NHB cultivar 'Bluecrop'. Southern highbush blueberry (V. corymbosum L. interspecific hybrid) cultivars that are adapted to Florida's mild winter climate ripen fruit earlier in the season and have a longer postfruit harvest vegetative growth period than NHB cultivars. Therefore, seasonal growth and N demand of SHB may differ from NHB. However, there is no literature available for the seasonal growth and N demand pattern of young SHB plants. This study was conducted to 1) determine seasonal growth of SHB by measuring organ DW at various growth stages, 2) identify the growth stages of young SHB that exhibit the greatest N uptake, and 3) determine N allocation patterns within plant tissues.
Materials and Methods
Plant material. Sixty one-year-old 'Emerald' (SHB) plants (average height 0.19 m) were obtained from a north Florida nursery and individually planted in 57-L containers on 6 Feb. 2015 and grown outdoors at the Horticultural Greenhouse Complex at the University of Florida, Gainesville, FL (29°38#N latitude and 82°21#W longitude). The growing medium consisted of Arredondo sandy soil (Thomas et al., 1979) mixed with fresh pine bark at the ratio of 1:1 (v/v). Owing to the potential for fresh pine bark to immobilize fertilizer N, it was pretreated 2 months before planting with a liquid fertilizer UAN-32 (32N-0P-0K) at the rate of 0.15 g/L N (Krewer and Ruter, 2009 continuously from early March to late September, and individual growth flushes were not evident. Thus, treatment dates were not based on plant phenology. The In the first year, there was a long period between the third fertilization date (11 May) and the fourth date (18 July); therefore, unlabeled N was applied on 16 June. Thus, the rate of N fertilization was equivalent to 38 kg/ha N (0.85 m · 2.74 m spacing) in year 1 and 33 kg/ha N in year 2. Both labeled and unlabeled N fertilizers were dissolved in water and applied manually and evenly on soil around the root systems. At the same time as the N applications, 3.6 g triple superphosphate (0N-19.6P-0K) and 6.8 g sulfate of potash (0N-0P-41.5K) were applied to each pot (49 kg P/ha and 103 kg K/ha in year 1 and 42 kg P/ha and 88 kg K/ha in year 2). The plants were irrigated by microsprinklers at 250 mL/min, and the irrigation run times were determined by multiplying the in situ evapotranspiration (ET) by 1.2 (based on 120% ET level). The ET data were downloaded twice a month from the Florida Automated Weather Network (FAWN) Alachua station (http://fawn.ifas. ufl.edu).
Measurements. Harvested plants were separated into leaves, new (current season's) stems, 1-year-old stems, roots, and flowers/ fruits when available. The roots were carefully excavated from the containers. Then, they were pressure washed (up to 80 pounds per square inch, PSI) using a Melnor 5-Pattern Watering Nozzle (Model no.: 20101GT; BFG Supply, Burton, OH) to remove the soil and pine bark. Tissues were individually oven-dried at 65°C to a constant weight which was recorded. Total DW was the sum of the DW of each of the tissues. The tissues were ground with a laboratory mill (Arthur H. Thomas Company, Philadelphia, PA) into a powder passing a 2-mm mesh screen. Subsamples of leaf (1 mg), flower and fruit (3 mg), stem (4 mg), and root (4 mg) tissues were submitted to the Soil and Water Science Biogeochemistry Core Laboratory (University of Florida, Gainesville, FL) to determine atom% of 15 N and N concentration by using an isotope ratio mass spectrometer (Finnigan DELTAplus XP; Thermo Fisher Scientific, Bremen, Germany). Nitrogen derived from fertilizer (NDFF) represented the total amount of N from labeled fertilizer absorbed by plants during a 14-d chase period after 15 N treatment. Fraction of total N derived from fertilizer (%NDFF) and NDFF were calculated according to Danso et al. (1983) as follows: Plant height was measured six to seven times a year. In the second year, the area covered by the plant canopy was calculated by measuring the canopy width in two orthogonal directions and calculating the area of the ellipse. Plants were not pruned during the study as plants are not typically pruned until the third year after planting in commercial blueberry production in Florida. Data analysis. The effects of 15 N application date on each measured variable were analyzed by analysis of variance using the statistical analysis software R version 3.2.2 (R development core team, New Zealand). Comparisons among application dates were performed at the 0.05 level using Tukey's honest significant difference test.
Results and Discussion
Plant height and area covered by plant canopy. In the first growing season, plant height increased rapidly from mid-April through early August, with the growth rate averaging 0.32 cm/d (data not shown). Growth then plateaued from early September through mid-March of the second year. In the second growing season, plant height increased from mid-March through early September, with an average growth rate of 0.26 cm/d. Plant canopy measurements indicated that plant lateral growth was greater when vertical growth was slower. In the early spring and in fall, lateral growth was greater than the rest of the year, with an average rate of 21 cm 2 /d (data not shown). During fruiting (in April), both vertical and lateral growth slowed, with respective rates of 0.04 cm/d and 6.7 cm 2 /d. Total DW and DW allocation. Plant budbreak began in early February, but total DW did not begin to increase until mid-May 2015. Total DW increased continuously from midMay to Oct. 2015, with a 6-fold increase occurring between 25 May and 1 Aug. (Fig. 1) . During year 2, total DW increased from mid-April 2016 to the end of the growing season. In winter, a reduction in total DW from 323 g/plant to 267 g/plant occurred between Oct. 2015 and Mar. 2016 as a result of leaf abscission. Unlike the results from Banados et al. (2012) in young NHB, total DW continued to increase throughout the harvest stage, which may be attributed to the low fruit yields resulting in a high vegetative growth rate. The greatest rate of total DW increase occurred from early September to mid-Oct. 2015 (averaging 3 g/d) and from mid-July to the end of Sept. 2016 (averaging 4 g/d).
Allocation of total DW to each tissue varied with sampling dates (Fig. 2) . In the first growing season, the proportion of total DW allocated to leaves increased rapidly from March to April and then gradually decreased until the end of the season. Conversely, the percentage of total DW allocated to new stems and roots first decreased from March to April and then slowly increased for the remainder of the first growing season from %24% to 36% and from 17% to 33%, respectively. However, leaves always had a significantly greater proportion of total DW than roots or new stems between April and September in year 1 (P < 0.01). These results are in contrast with the findings of Banados et al. (2012) and White (2006) , who found the greatest proportion of DW in blueberry plants was allocated to roots during the first year after planting. In their studies, the plants were NHB grown in the field. Thus, the plants likely had a better developed root system than the container-grown plants used in our study.
In 2016, the greatest proportion of total DW was allocated to stems (the sum of 1-year-old and new stem), accounting for more than 40% of total DW. Dry weight allocation to new stems increased from 9% to 21% throughout the season, with a brief decline in midsummer. Dry weight allocation to 1-year-old stems was relatively stable, accounting for 27% of the total DW from April to the end of September. The proportion of DW allocated to roots decreased significantly from March to June and then remained stable at %30%. Similar to the first year, root growth mainly occurred from the late summer to the early fall (August and September). Leaves grew rapidly throughout the season, especially after fruit harvest and during midsummer. Generally, from July to September, DW allocation to leaves, roots, and 1-year-old stems did not change significantly and all were significantly greater than DW allocation to new stems. The DW of stems (the sum of 1-year-old and new stems DW) and roots was positively correlated in both years (P < 0.05, R 2 = 0.84) (data not shown), suggesting that shoot and root growth occur concomitantly, which agrees with previous work on blueberry (Abbott and Gough, 1987; Spiers, 1995) . Flowers, fruits, or both comprised 8% to 15% of the total plant DW when plants were harvested 2 weeks after 15 N application in the early green fruit stage. Banados et al. (2012) reported fruit DW accounted for 4% to 33% of total DW on young NHB plants from green fruit to fruit harvest stages. In the present study, fruits were collected during the green fruit stage; thus, DW allocation to fruits would also increase as fruits ripen. Means of five replicates.
NDFF and NDFF allocation. The pattern of NDFF change throughout the growing season was similar to the pattern of total DW accumulation (Fig. 3) . This finding agrees with the results reported by Banados et al. (2012) on young NHB and Weinbaum et al. (1978) on plum (Prunus domestica L.), indicating that N is most rapidly taken up when biomass accumulation is greatest. In our study, the greatest biomass increase occurred between September and Oct. 2015 and between mid-July and Sept. 2016. Similarly, the greatest N uptake occurred in the 2-week period ending on 14 Oct. 2015 and the 2-week periods ending on 5 Aug. and on 23 Sept. 2016. However, biomass accumulation cannot fully explain the differences in NDFF among growth stages. In 2016, plant DW in midgrowth flush was similar to that between growth flushes, but N uptake in midgrowth flush was 50% greater than between growth flushes (Fig. 3) . In addition, plants accumulated significantly more biomass after the final growth flush than during the midgrowth flush, although N uptake during these two stages was similar. Thus, although N absorption by young SHB generally increases as biomass increases, which is similar to results found with 2-year-old peach (Prunus persica L.) trees (Munoz et al., 1993) , factors other than increases in biomass appear to influence N absorption. In both years, little N was taken up (as low as 0.03 g/plant in 2015 and %0.21 g/plant in 2016) from the applied N fertilizer between March and May during the 2-week chase period. This is in agreement with findings on both young and mature NHB, where little N uptake occurred in the early season (Banados, 2006; Banados et al., 2012) . Similar results have also been reported in peach and pear (Pyrus communis L., cv. Williams pear) (Nario et al., 2003; Taylor et al., 1975) . The low N uptake in the first year was likely due, in part, to the small plant size and the lack of well-developed roots. However, the low N uptake in the spring of the second year was likely because early reproductive and vegetative growth used stored N from roots and stems, as reported by Birkhold and Darnell (1993) in rabbiteye blueberry and Banados et al. (2012) in NHB blueberry. Since N from storage pools was used to support new growth, the demand for external N was decreased. Although low soil temperatures in spring may also decrease soil N uptake, the average soil temperature during that time was 19.4°C, which is within the optimum range for blueberry (Spiers, 1995) .
During the two growing seasons, at least, 50% of NDFF was allocated to leaves at each stage except early bloom in 2016 (Fig. 4) , when more than 60% of absorbed N was allocated to flowers. Although flowers represented a primary sink for N during early bloom, NDFF in flowers was %0.14 g and only accounted for 22% of total N in flowers (averaged 0.65 g). Thus, %78% of the total N in flowers was derived from storage N. Similarly, Banados et al. (2012) reported that more than 60% of total N in flowers of young NHB was from reserve N. Less than 10% of the N from fertilizer applied at the young green fruit stage was allocated to fruits during the 2-week chase period, accounting for only %1% of the total N accumulated in green fruits. This result is supported by previous work on rabbiteye blueberry (Birkhold and Darnell, 1993) , suggesting that storage N is the primary N source during early fruit development. However, as the N storage pool decreases, N remobilization is reduced. Then, current absorbed N becomes the major supply and thus dilutes the percentage of N contribution from storage N (Millard and Grelet, 2010) . Banados et al. (2012) reported that up to 75% of total fruit N at harvest was from uptake of new N from fertilizer or the soil. In general, roots accumulated more absorbed N (23% of NDFF) than new stems (14%) or 1-year-old stems (10%) in both years.
In conclusion, in the first year after planting, stem, root, and leaf growth occurred mainly in the summer and fall. In the second year, stem DW increased rapidly when vegetative flushes occurred. Root growth was primarily in the early fall. Leaf development began at early bloom and continued throughout the growing season. During spring (March and April), N uptake was low, likely because of small plant size and undeveloped roots (in year 1) or because new growth was supported by remobilization of storage N from roots and 1-year-old stems (in year 2). The greatest N uptake generally occurred from late summer to midfall when biomass accumulation was the greatest. During both growing seasons, about half of the total N derived from applied fertilizer was allocated to leaves, except during early bloom in 2016. Therefore, in our experimental conditions, it appears that spring fertilization requirements of young SHB are minimal and that N uptake is most efficient when fertilizer is applied from summer through early fall.
